INTRODUCTION
Swarming is a common yet specialized form of surface translocation exhibited by flagellated bacteria, distinct from swimming (23) . When grown on a moist nutrient-rich surface, cells differentiate from a vegetative to a swarm state: they elongate, make more flagella, secrete wetting agents, and move across the surface in coordinated packs. Here, we focus on the mechanics of bacterial swarming, as exhibited by the model organism Escherichia coli. Others have worked on swarm-cell differentiation in a variety of organisms: Proteus, Salmonella, Pseudomonas, Serratia, Bacillus, and Vibrio. For example, screens for genes required for swarming in E. coli or Salmonella have been made by Inoue et al. (25) and Wang et al. (40, 41) . Vibrio is a special case, because a single polar flagellum enables cells to swim, while multiple lateral flagella promote swarming (32) . For general reviews, see Allison and Hughes (1), Shapiro (37) , Fraser and Hughes (17) , and Fraser et al. (16) . See also Eberl et al (15) , Sharma and Anand (38) , Harshey (18) , Daniels (11) , Kaiser (26) , O'Toole (33) and Weibel (10) .
Swarming was first observed with Proteus by Hauser (22) , who named this genus for a sea god able to change his own form. Proteus is distinctive because cells switch periodically from the vegetative to the swarming state, building terraced colonies (36, 42) . This is not observed with E. coli under the conditions used here, where swarms expand at a constant rate propelled by cells swimming vigorously in a monolayer behind a smooth outer boundary.
Swarming in E. coli was discovered by Harshey, who found that K-12 lengths of 11 protofilaments, longitudinal arrays of protein subunits that comprise the filament. All polymorphic forms are helical, some left-handed (e.g., normal) and some right-handed (e.g., semi-coiled and curly, that have half the pitch of the normal filament, or half the pitch and half the amplitude, respectively).
Transformations from one shape to another can be caused in various ways, e.g., by changes in pH, salinity or temperature (21, 27, 28) , or by application of torque (24) . The changes observed with swarm cells are driven by the latter mechanism, when motors switch from CCW to CW. When swimming cells tumble, polymorphic transformations also occur, in the order normal, semi-coiled, curly, and back to normal (14, 39) . But we rarely see the semi-coiled form with cells in swarms, and when it appears it is quite transient. We wonder whether polymorphic transformations evolved to enable cells to escape when trapped in confined environments, when the only way out is to back up, keeping the filaments close to the sides of the cell body.
MATERIALS and METHODS
Bacteria. E. coli strain AW405 swims vigorously and is wild-type for chemotaxis (2) . Strain HCB1668 is a Tn5 fliC null derivative of AW405 in which FliC S353C is expressed on plasmid pBAD33 under control of the arabinose promoter. This construct was maintained by adding the antibiotics kanamycin (50 µg/ml) and chloramphenicol (34 µg/ml) to the culture media. A single-colony isolate was grown in T broth (1% Bacto tryptone, 0.5% NaCl) overnight to saturation at 30°C (with gyro-rotation at 150 rpm), and dilutions of this culture were used to inoculate swarm plates. prepared according to the manufacturer's specifications, spread as a thin sheet (0.17-0.20 mm thick) on a polystyrene petri plate coated with a film of Tween-80 (P1754 Sigma), and cured two days at room temperature. The resulting product is solid, flexible, transparent, and permeable to oxygen.
Swarm agar. Swarm agar (0.45% Eiken agar in 1% Bacto peptone, 0.3% beef extract and 0.5% NaCl), stored in sterile aliquots of 100 ml, was melted completely in a microwave oven and cooled to ~60°C. Antibiotics were added at the concentrations used in liquid cultures and arabinose was added to a final concentration of 0.5%. Polystyrene petri plates (150 x 15 mm) were filled with 25 ml of this agar, swirled gently to ensure complete wetting, and then cooled 15 min (without a lid) inside a large plexiglass box. Inoculation was with a 2 µl drop of the saturated culture (above) at a specified dilution placed ~3 cm from the edge of the plate. Plates were air dried for another 15 min (in the plexiglass box), then covered and incubated overnight at 30°C and 100% relative humidity.
Fluorescence labeling. Swarm cells were collected by gently rinsing the leading edge of a swarm (a region extending ~1 cm into the colony) with 1 ml of motility medium (0.01 M potassium phosphate pH 7.0, 0.067 M NaCl, 10 -4 M EDTA and 0.002% Tween-20: P7949 Sigma) 3 times. The collected cell suspension was diluted to 10 ml, and the cells were washed 3 times (by centrifugation at 2,000 x g for 10 min, gentle resuspension of the pellet, and addition of 10 ml of motility medium). The final pellet was adjusted to a volume of ~250 µl. For HCB1668, a 20 µl solution of a thiol-reactive dye was added (Alexa Fluor 488 or 532 C 5 maleimide, Invitrogen -Molecular Probes, 5 mg/ml in DMSO), and labeling was allowed to proceed for 60 min at room temperature with gyro-rotation at 100 rpm. For AW405, the final wash was with motility medium adjusted to pH 7.5, and the cells were labeled with a succinimidyl ester of Cy-3 (PA23001 Amersham Pharmacia) according to (39) . After labeling with either dye, unreacted dye was removed by washing with motility medium 3 times, and cells were suspended at a final volume of ~250 µl for addition to a swarm (see Fluorescence video microscopy) or of ~2.0 ml for addition to a tunnel slide (see Fluorescence digital photomicroscopy).
Fluorescence digital photomicroscopy. Tunnels were constructed by placing square coverslips treated with 0.01% poly-L-lysine (P4707 Sigma) on two strips of double-sided Scotch tape spaced ~1 cm apart on microscope slides, filled with suspensions of bacteria, inverted, and allowed to stand for ~10 min in a 100% humidity chamber. Next, the tunnels were rinsed with motility medium and then with motility medium containing 0.25% glutaraldehyde. This stopped flagellar rotation. Slides were viewed with a Nikon Diaphot 200 inverted microscope with a 40x 1.30 n.a. oil-immersion objective and a 10x relay lens.
Illumination was by mercury arc lamp via an R and B phycoerythrin fluorescence cube (Chroma 31003). Images were captured with a Nikon D-70 digital camera using a 10 s exposure time and downloaded to a PC running Nikon Capture Tracks were next analyzed for stalls (stops) not associated with reversals.
Cells were considered to have stalled if their speed fell below 3 µm/s. Data frames associated with reversals or stalls were excluded from further analysis.
The frames that remained spanned cell movement that was forward, sideways, and everything in between: the propulsion angles varied from 0° (forward) to ±90° (sideways). If the propulsion angle was ≤ 35°, the cells were judged to be moving forward. If they were > 35°, the cells were judged to be moving laterally.
RESULTS

Flagellar expression.
We wanted to know whether flagellation of the strain constructed for use with thiol-reactive dyes, HCB1668 (with cysteinelabeled flagella), was significantly different from that of the wild-type strain, AW405. With thiol-reactive dyes, the labeling was more specific: the flagellar filaments were brighter and the cell bodies were dimmer than observed with amino-reactive dyes. So we compared 100 cells of each type collected near the edges of swarms: we labeled their flagella (with maleimide or succinimidyl ester dyes, respectively), stopped flagellar rotation with glutaraldehyde, and measured their flagellar filaments; see Materials and Methods, Fluorescence digital photomicroscopy. When grown under identical conditions (on swarm agar containing arabinose) the filaments on the mutant strain were slightly shorter (mean ± s.d.) = (4.5 ± 2.0 µm) but more abundant (7.6 ± 3.0 per cell) than filaments on the wild-type strain (5.1 ± 2.5 µm) and (6.6 ± 3.7 per cell), respectively. The total expression levels (length times number) were nearly the same. Cells harvested and labeled this way were about 20% shorter than cells observed in swarms (4.2 µm rather than 5.2 µm long), probably because the labeling was done in bulk in motility medium at room temperature rather than on an agar surface in a rich medium at 30 °C, where cells elongate: divisions that occur during the lengthy labeling procedure would produce offspring that are relatively short. Swarms of strains HCB1668 and AW405 were similar, with colony fronts advancing at rates between 3 and 7 µm/s. Cell densities were ~0.1 per µm 2 , about half what they would be were the cells closely packed (13) . Apparently, PDMS mimics the swarm-air interface. The reason for this turns out to be that the swarm/air interface is stationary; thus, it does not matter whether PDMS (which is oxygen permeable) is added or not. We proved that the swarm/air interface is stationary by recording the motion of small smoke particles deposited on surfaces of swarms (44) . The particles diffuse freely (but with relatively small diffusion coefficients) in what appears to be a surfactant monolayer, without being deflected by cells that swarm underneath. So when on agar, swarming occurs between a fixed surfactant monolayer above and a fixed agar surface below. In our glass-PDMS preparations, swarming occurs between a fixed PDMS surface above and a fixed glass surface below. The experiment of (Fig. 2C near the middle of the track) . When lateral motion results from a motor reversal (Fig. 3D, inset) Fig. 6 . In each event, the head became the tail (at least once). For an angle change of 0°, the cell exhibited successive reversals; this was rare. For 180°, the cell backed up without changing the orientation of its long axis (the head became the tail), retracing its earlier path; this was common.
Swarming under PDMS.
The mean change in angle was 128°.
Stalls occurred most frequently at the swarm edge. As described earlier (13), a cell slows as it nears the edge, stalls, and after a brief pause, moves away from the edge, either by completely reversing, as shown in Fig. 7A , or by deflecting at a shallow angle, sometimes after traveling along the edge for some distance, as shown in Fig. 7B . Since the majority of cells at the swarm edge reversed their head-tail orientation (13) , it is likely that flagellar motion aids swarm expansion: at the boundary, as cells prepare to swim back into the swarm, their flagella extend out onto the virgin agar (Figs. 7A and B) ; the rotation of these flagella must pump fluid outward from the colony, aiding in swarm expansion.
In combined fluorescent and phase-contrast video images we looked for cells that used their flagella to actively reorient. From the phase images we measured the cell speed before and after reorientation and the angular change in direction that occurred. From the fluorescent images we noted the total number of filaments on the cell, and the number of filaments that came out of the bundle during the reorientation. There was no change in cell speed. A plot of the change in direction versus the fraction of filaments that came out of the bundle is shown in Fig. 8 . If half or fewer of the filaments came out of the bundle, the mean change in direction was 47 ± 28°, similar to the 38 ± 26° found for swimming cells, calculated for Fig. 13 of (39) . However, when reorientation involved more than half of the filaments, the mean change in direction was 127 ± 37° for swarming cells and 69 ± 42° for swimming cells (ibid.). So swarming cells prefer to back up. The number of events recorded in Fig. 8 is substantially smaller than the number of tracks described in Table 1 , because only a small fraction of cells was fluorescently labeled, and it was not always possible to visualize all of the flagella on a labeled cell. Reversals. Cell reversals were easy to spot by eye and were evident in the phase-contrast tracking data. These are dramatic events, but as noted earlier, they do not have a large impact on the average cell behavior, which is dominated by collisions between adjacent cells (13) . Reversals occurred, on average, every 1.5 s and required about 0.1 s for completion. They were triggered when motors switched from CCW to CW. When viewed in fluorescence, the maneuver is exquisite: the bundle that normally pushes the cell forward is loosened by filament transformation to the curly polymorphic form, and the cell body moves backwards along the central axis of the bundle, emerging with a curly bundle behind, as shown in the cartoon that accompanies Fig. 5 . This bundle soon relaxes to normal, and the cell continues to swim in the backwards direction. Thus, the cell body begins with a normal bundle behind and ends with a normal bundle behind, but swimming in the opposite direction.
In the process, the flagellar filaments remain close to the sides of the cell; more often than not, the cell body retains the orientation of its long axis, Fig. 6 . This is an ingenious way to escape from confined environments, e.g., from packs of nearby cells aligned in parallel, or from narrow constrictions (30) subtilis, when encountering obstacles (8) . The hallmark of this maneuver, evident without flagellar visualization, is that the cell suddenly swims backwards at the same speed at which it was swimming forwards, without changing the orientation of its cell body. It is possible that this maneuver was not seen by Copeland et al. (9) , because their cells were swimming in a glass/agar/glass sandwich and might have been oxygen deprived, while our cells were swimming between glass and a thin film of PDMS, which is oxygen permeable.
Lateral motion. Tracks with propulsion angles greater than 35° arose
primarily from cell collisions but also from motor reversals. Because all of the filaments in a given field could not be imaged at the same time, it was difficult to determine the extent to which each contributed to randomizing cell directions. In a swarm, cells are confined within a thin fluid layer, between a fixed surfactant monolayer above and an agar surface below (44) , which limits the ways in which cells can respond when motors reverse. For example, end-over-end motion that can scramble a swimming cell's head-tail orientation (5) does not occur. The flagellar bundle tends to maintain its orientation relative to the cell body during swarming but at times appears to bend, as in Figs. 4 B and D; see also (9) . An important exception is the reversal, described above. However, when lateral deflections are caused by collisions, the flagellar bundle tends to be deflected as well, retaining its orientation relative to the long axis of the cell, as evident when one compares the orientations of the filaments in Fig. 3C with those of the cell body in Fig. 2C . When lateral deflections are caused by motor reversals, the bundle also tends to remain in line with the cell body, but now these orientations are along the new direction of motion. The larger the fraction of filaments reversing, the larger the angular deflection, Fig. 8 . When the number of motors reversing is relatively small, the angular deflections are similar to those observed with swimming cells (39) , but when the number of filaments reversing is large, swarming cells tend to back up rather that choose a new direction at random. This appears to be due to cell-cell collisions. As noted above, the cells swim in a thin layer of fluid between a fixed surfactant monolayer above and an agar surface below. Presumably, that layer is at least as thick as the diameter of a cell, which is almost twice as large as the diameter of the flagellar bundle, so there is ample room for filaments to rotate. A study of the hydrodynamics of the motion of a sphere driven by a single helical flagellum between closely-opposed fixed plates has been made by Ramia et al. (35) , who found that swimming speeds are similar to those in bulk: the increase in drag on the cell body is offset by the increase in propulsive force due to an increase in the ratio of the normal to tangential slender-body resistance coefficients. 
Comparison
